The endophytic diazotroph Gluconacetobacter diazotrophicus secretes a constitutively expressed levansucrase (LsdA, EC 2.4.1.10) to utilize plant sucrose. LsdA, unlike other extracellular levansucrases from gram-negative bacteria, is transported to the periplasm by a signal-peptide-dependent pathway. We identified an unusually organized gene cluster encoding at least the components LsdG, Gluconacetobacter (formerly Acetobacter) diazotrophicus is a nonpathogenic, nitrogen-fixing endophyte of sugarcane and other predominantly sucrose-rich crops (11, 20, 47) . This gramnegative bacterium lacks a sucrose transport system (3) and depends on the secretion of a constitutively expressed levansucrase (LsdA, EC 2.4.1.10) to utilize plant sucrose (16, 17) . The levansucrase gene (lsdA) and an exolevanase gene (lsdB) downstream form a chromosomal operon with a high level of conservation among G. diazotrophicus isolates (17, 26).
Gluconacetobacter (formerly Acetobacter) diazotrophicus is a nonpathogenic, nitrogen-fixing endophyte of sugarcane and other predominantly sucrose-rich crops (11, 20, 47) . This gramnegative bacterium lacks a sucrose transport system (3) and depends on the secretion of a constitutively expressed levansucrase (LsdA, EC 2.4.1.10) to utilize plant sucrose (16, 17) . The levansucrase gene (lsdA) and an exolevanase gene (lsdB) downstream form a chromosomal operon with a high level of conservation among G. diazotrophicus isolates (17, 26) .
All known levansucrases are extracellular proteins, although they follow different secretion routes. Levansucrase secretion in gram-positive bacteria involves cleavage of signal-peptidecontaining precursors in Bacillus subtilis (43) , Bacillus amyloliquefaciens (46) , Geobacillus stearothermophilus (24) , Paenibacillus polymyxa (7) , Streptococcus salivarius (34) , Actinomyces naeslundii (6) , Arthrobacter nicotinovorans (36) , and Lactobacillus reuteri (49) . However, with the exception of LsdA, the other gram-negative levansucrases characterized so far are secreted by a signal-peptide-independent pathway; this occurs in Zymomonas mobilis (41) , Erwinia amylovora (14) , Rahnella aquatilis (42) , Pseudomonas syringae (18, 23) , and Gluconacetobacter xylinus (45) . LsdA is synthesized as a precursor with a 30-residue N-terminal signal peptide, which is cleaved off during transport to the periplasm, where the enzyme adopts its final conformation. Then, in a rate-limiting step, the mature LsdA is transferred across the outer membrane and released into the extracellular medium without further proteolytic cleavage (15) .
A wide spectrum of gram-negative bacteria, mainly plantand animal-interacting species, utilize the type II secretion pathway for extracellular release of particular proteins, such as hydrolytic enzymes and toxins. Following translocation to the periplasm by the signal-peptide-dependent Sec or TAT system (32, 52) , the folded substrate protein is transported across the outer membrane by the type II secretion apparatus, consisting of a multiprotein complex of at least 12 components (reviewed in reference 38).
Here we report that the endophytic bacterium G. diazotrophicus possesses a type II secretion operon required for LsdA transport across the outer membrane. The locus was identified downstream of the levansucrase-levanase (lsdA-lsdB) operon on the chromosome of the 14 strains tested, recovered from different host plants in diverse geographical regions. To our knowledge, this is the first report of a type II secretion pathway in the Acetobacteraceae.
MATERIALS AND METHODS
Bacterial strains, media, and plasmids. Escherichia coli strains DH5␣ [80dlacZ⌬M15 recA1 endA1 gyrA96 thi-1 hsdR17 (r K Ϫ m K ϩ ) supE44 relA1 deoR ⌬(lacZYA-argF)U169] and S17-1 {thi pro hsdR recA [RP4-2(Tc::Mu) (Km::Tn7)]} (40) were used as a cloning host and a conjugative donor host, respectively. Both strains were grown at 37°C in Luria broth. The G. diazotrophicus strains listed in Table 1 were grown at 28°C in LGIE medium containing 5% (wt/vol) sucrose and 1% (vol/vol) glycerol (4). Antibiotics were added at the following concentrations: ampicillin, 100 g ml Ϫ1 ; tetracycline, 20 g ml Ϫ1 ; chloramphenicol, 30 g ml Ϫ1 ; and kanamycin, 30 g ml Ϫ1 for E. coli and 120 g ml Ϫ1 for G. diazotrophicus. Plasmids used in this study are listed in Table 2 .
DNA manipulation and analysis. Standard methods were used for recombinant DNA procedures (37) . High-specific-activity DNA probes were generated by using a Prime-a-Gene labeling kit (Promega) with [␣-32 P]dATP (Ͼ3,000 Ci mmol Ϫ1 ; Amersham Pharmacia Biotech). Automatic chain termination DNA sequencing was performed on both strands with an ALFexpressII DNA sequencer (Amersham Pharmacia Biotech). The nucleotide sequences were compiled and analyzed by using the BioSOS program package (8) . The BLAST program (2) was used for similarity searches in protein databases, and the CLUSTAL W program (48) was used to obtain multiple-sequence alignments. Promoter prediction was performed by the NNPP method (35) (software is available at the website http://www.fruitfly.org/seq_tools/promoter.html).
Complementation experiments. Broad-host-range plasmids were used to transform E. coli strain S17.1 and were mobilized to G. diazotrophicus by conjugative mating as previously described (4) . The transconjugants were selected on LGIE agar medium supplemented with tetracycline and chloramphenicol; the latter antibiotic was used to counterselect E. coli donors. Intracellular and extracellular LsdA activities of mucous and nonmucous colonies were examined as described previously (15) .
Cloning of type II secretion system genes from G. diazotrophicus strain SRT4. Cosmid p21R1 was digested with BamHI totally and EcoRI partially and was electrophoresed in an LMP agarose gel (Gibco-BRL). An agarose slice containing fragments ranging from 3.5 to 20 kbp long was melted and mixed in a ligation reaction with BamHI-EcoRI-digested pUC8 vector. The ligation products were used to transform E. coli DH5␣. Three resultant plasmids with different restriction patterns, designated pALS30, pALS31, and pALS32, were inserted into a broad-host-range vector to obtain the mobilizable plasmids pALS33, pALS34, and pALS35, respectively (Fig. 1 ), which were tested for complementation of LsdA secretion in the G. diazotrophicus mutant M31. Cloning of a 7.4-kbp fragment downstream of the complementing region of pALS35 was achieved by three successive chromosomal walking steps. Three partial SRT4 DNA libraries containing 3-to 4-kbp HindIII-SphI fragments, 1-to 2-kbp SacII-KpnI fragments, and 4-to 6-kbp SalI-EcoRI fragments were constructed in pUC19 or pBluescript SK(ϩ). Hybridizations performed with around 1,000 colonies from each library yielded three positive overlapping clones, pALS119, pALS143, and pALS152 (Fig. 2) . The inserts of pALS32, pALS119, pALS143, and pALS152 were digested with appropriate restriction enzymes for subcloning and sequencing.
Expression of the lsdA gene from the promoter region upstream of lsdX. The region encoding the amino terminus of lsdA was amplified from pALS5 by using primers 5Ј-CTTCAGGAGGATGCCATGGCGCATGTACGCC-3Ј and 5Ј-CAGCGACCGCCCGGGGAAGAGCGGGCCGCC-3Ј in a 198-bp PCR band and was inserted at the SmaI site of pUC19 in the direction opposite that of the lac promoter. The resulting plasmid, designated pALS60, was digested with SmaI-BamHI and ligated to the 1,967-bp SmaI-BglII fragment from pALS5, and the construct was designated pALS141. A band containing the 552-bp region upstream from lsdX was amplified by PCR from plasmid pALS5 with primers 5Ј-CTACGGGGACCGGAAGCTTCCGCAGG-3Ј and 5Ј-CGATCGGCAATT ACCATGGCCACACC-3Ј. This band was digested at the HindIII and NcoI sites introduced by the PCR and ligated in a triple-ligation procedure to HindIIISmaI-digested pUCNCO and the 2,114-bp NcoI-NruI fragment from pALS141 to obtain pALS182. Plasmid pALS184 resulted from insertion of HindIII-linearized pALS182 into the HindIII site of pRK293 (Table 2) . LsdA activity was assayed in cell extracts of E. coli DH5␣ carrying pALS182 and in culture supernatants of the G. diazotrophicus mutant AD5 carrying pALS184.
Cloning of lsdX and lsdG genes from nonsecreting mutant M31. The insert of the complementing plasmid pALS35 included a 1.1-kbp NcoI fragment containing the type II secretion genes lsdX and lsdG of strain SRT4. Since this fragment had an internal PstI site, total DNA from mutant M31 was digested with NcoI and PstI and electrophoresed in an LMP agarose gel. DNA bands ranging from 400 to 700 bp long were isolated from the gel and ligated to the NcoI-PstIdigested pUCNCO vector. The E. coli transformants were screened by hybridization to the 1.1-kbp NcoI band from pALS32 (Fig. 2 ). Positive plasmids with the 640-and 440-bp NcoI-PstI inserts were purified and sequenced.
Gene disruption by marker exchange. The suicide plasmids pALS89, pALS127, and pALS130 were used to create disruptions in the genes lsdG, lsdF, and lsdO, respectively, on the chromosome of G. diazotrophicus SRT4 by marker exchange. Plasmid pALS89 was constructed by inserting in a quadruple-ligation procedure the 546-bp NcoI-EcoRI band from pALS5, the 1.6-kbp EcoRI fragment from pUC4KIXX containing the kanamycin-bleomycin resistance (nptIIble) cassette, and the 945-bp EcoRI-HincII fragment from pALS32 into NcoIHincII-digested pUCNCO. Plasmid pALS130 was constructed by joining in a quadruple-ligation reaction the 3,991-bp BamHI-HindIII fragment from pALS32, the 1.6-kbp HindIII nptII-ble cassette from pUC4KIXX, and the 3,560-bp HindIII-KpnI fragment from pALS119 in BamHI-KpnI-digested pBluescript SK(ϩ). The three plasmids were separately introduced into G. diazotrophicus SRT4 by electroporation, and the recombinant colonies were selected on kanamycin-containing LGIE medium plates as described previously (4) . Insertion of the nptII marker into the lsd type II secretion genes in the chromosomes of nonmucous colonies was confirmed by Southern hybridization. Intracellular and extracellular LsdA activities in the mutants were examined as described previously (15) .
Site-directed mutagenesis of Cys 162 in the lsdG gene of G. diazotrophicus SRT4. A 1,050-bp DNA fragment comprising the promoter and the first two genes (lsdX and lsdG) of the SRT4 type II secretion operon was amplified by PCR by using plasmid pALS32 as the template and primers 5Ј-TGCCGAAGGGGTCGACG CCACCATTCACG and 5Ј-CATGGATCCCACGATCAGGGATTGCAGATC with base substitutions (boldface type) to create SalI and BamHI restriction sites (underlined). The PCR product was digested with SalI-BamHI and inserted into the corresponding sites of pUC19 to obtain plasmid pALS113. In another PCR the TGC codon (Cys 162 ) of the SRT4 lsdG gene was replaced with GGC (Gly) by using the same template and upstream primer along with downstream primer 5Ј-CATGGATCCCACGATCAGGGATTGCCGATC. The A-to-C substitution (boldface type) in the latter primer replaces the TGC codon with GGC and abolishes the BglII site at the end of lsdG. The amplified 1,050-bp fragment was digested with SalI-BamHI and inserted into pUC19 to obtain plasmid pALS114. Plasmids pALS113 and pALS114 were linearized with HindIII and inserted into the broad-host-range vector pRK293 to obtain the mobilizable plasmids pALS117 and pALS118, respectively ( Fig. 1 ), which were tested for complementation of LsdA secretion in ethyl methanesulfonate (EMS)-treated mutant M31.
Nucleotide sequence accession number. The sequence of the identified type II lsd genes is available in the DDBJ/EMBL/GenBank databases under accession number L41732. zotrophicus mutants that had active LsdA in the periplasm but were unable to transfer the enzyme across the outer membrane were previously isolated by EMS treatment of strain SRT4 (4) . Introduction of the library cosmid clone p21R1 restored the Sec ϩ , levan-forming (mucous colony) phenotype in one of the seven mutants (Fig. 1 ). This mutant, designated M31, was fully complemented by the derivative plasmid pALS35 containing a region downstream of the structural levansucrase gene (lsdA) and the levanase-encoding gene (lsdB). Introduction of plasmid pALS15 carrying only the lsdA gene increased the amount of LsdA in the periplasm (data not shown) but did not restore protein secretion (Fig. 1) .
RESULTS

Identification
Sequencing of the 4,614-bp DNA insert of pALS35 revealed the presence of three consecutive open reading frames (ORFs) in the same orientation as the lsdA-lsdB operon (Fig. 1) . The first ORF, designated lsdX, encodes a polypeptide with no detected similarities in databases. The second ORF encodes a polypeptide with the highest identity scores for the type II secretion component GspG (Table 3) , and therefore it was designated lsdG. The N-terminal part of the deduced LsdG also showed a high degree of similarity with type IV pilins. The translation initiation codon of lsdG is an ATG, which is not preceded by a Shine-Dalgarno sequence but overlaps by one base lsdX, suggesting that the two genes are translated consecutively without ribosome dissociation. The third ORF, designated lsdO, starts with an ATG codon located 12 bp downstream of the lsdG stop codon and encodes a polypeptide with the essential characteristics of the type IV prepilin peptidase family members. The gene product is highly similar to the GspO component of several type II secretory pathways (Table  3) .
Through chromosomal walking, three contiguous fragments downstream of lsdO were cloned in plasmids pALS119, pALS143, and pALS152 (Fig. 2) . The assembled nucleotide sequence contained eight full ORFs and one partial ORF, which were designated lsdE, -F, -H, -I, -J, -L, -M, -N, and -D based on their similarities to components of type II secretory systems (Table 3) . Most of the genes have ATG translation initiation codons; the only exception is lsdH, which begins with TTG. The initiation and stop codons of the lsdF, -H, -I, -J, -L, -M, -N, and -D genes overlap or are separated by seven or fewer bases. The lsdE start codon is located 23 bp downstream of the lsdO stop codon, and it is preceded by the putative ribosome-binding sequence AGGAA at position Ϫ13, suggesting that lsdE is translated independent of lsdO. However, the presence of a small ORF comprising the 22-bp intergenic region and overlapping lsdO and lsdE by one base also makes coupled translation of these genes possible. b The numbers in parentheses are the number of amino acids in the precursor protein, followed by the distance between an ORF and its predecessor in the operon. ND, not determined.
The consecutive arrangement of the 12 genes suggests the existence of an operon. A 50-bp sequence starting 104 bp upstream of lsdX was predicted to be a transcriptional promoter with a probability of 99%. The putative transcription start is flanked by TTGAAATCCC direct repeats. The first ATG of lsdX is preceded by the potential ribosome-binding sequence AGAAGGAG at position Ϫ10 and should initiate translation of the polycistronic mRNA. Fusion of the 548-bp region upstream from lsdX, containing the putative promoter, with the lsdA gene in pALS182 and pALS184 led to constitutive LsdA expression in the recombinant hosts E. coli and G. diazotrophicus, respectively.
The GϩC contents of the type II secretion genes from strain SRT4 ranged from 64 to 74%, which is consistent with the high GϩC content of the G. diazotrophicus genome. The codon usage of the 12 genes shows a strong preference for C and G (78 to 91%) in the third position of the triplets, except for the amino acids Glu, His, Asn, and Tyr. This codon usage is basically shared by other G. diazotrophicus structural genes, including lsdA (4) and lsdB (26) .
Genetic features of the G. diazotrophicus type II secretion system. The deduced sequences of the G. diazotrophicus type II components LsdG, -H, -I, and -J have the main characteristics of type IV pilins and pseudopilins. Their N-terminal regions have the consensus pattern G-F-T-L-(LIV)-E, with the putative peptidase cleavage site between Gly and Phe, followed by a stretch of about 20 highly hydrophobic residues. Most of the signal peptides are hydrophobic and short (9 to 11 residues); the only exception is the signal peptide for LsdG, which has 34 residues and is among the longest signals in the family (Fig.  3A) . At position 147 the precursor LsdG contains a conserved Ser residue that aligns with Ser 121 of Pseudomonas aeruginosa XcpT (GspG) involved in the protein interaction with the component XcpR (GspE) (21) (Fig. 3B) .
Multiple-sequence alignments of other G. diazotrophicus type II components with their counterparts from diverse gramnegative bacteria revealed conservation of several remarkable residues. The putative prepilin peptidase and methylase LsdO contains the residues Asp 124 and Asp 188 that must be located at the enzyme active site (22) , the residue Gly 62 probably involved in the methyltransferase activity (29) , and the residues Cys 39 , Cys 42 , Cys 64 , and Cys 67 , whose analogues in P. aeruginosa PilD are required for efficient activity (44) (Fig. 3C) . However, not all members of the PilD family contain the four Cys residues, suggesting that they are not cysteine proteases but are aspartic proteases (22) . The putative nucleotide-binding protein LsdE contains a domain rich in glycine and lysine (GPTGSGKT) that extends from residue 323 to residue 330 and resembles the functional Walker box A (31, 53) . A lessconserved Walker box B is also present in LsdE ( 501 AAGTIA ELLEPDE 512 ) but includes only one Gly instead of two Gly residues, which is the form that occurs in most of the family members. LsdE possesses two aspartic acid boxes (residues 349 to 355 and 383 to 396), which are highly conserved in the GspE family (Fig. 3D) .
Restriction fragment length polymorphism (RFLP) analysis of the type II secretion locus in 14 representative G. diazotrophicus strains. Total DNA from 14 G. diazotrophicus strains representing 11 different genotypes (electrophoretic types) ( Table 1) was digested with EcoRI, BglII, SphI, or SalI, and probed with a 1.1-kbp NcoI fragment containing the lsdX and lsdG genes and part of the lsdO gene from strain SRT4 (Fig. 2) . Two hybridizing EcoRI fragments (1.3 and 3.2 kbp) were detected in 11 of the 14 isolates, including the plasmidless strain PAL 5 T (Fig. 4A) . Replacement of the largest band by a new 3.8-kbp fragment in the coffee plant-associated strains CFNCf52, CFN-Cf50, and UAP-Cf51 corresponded to the absence of the second EcoRI site in the lsdA gene, as determined previously (17) . The 14 strains had the expected 2.2-kbp BglII fragment extending from lsdB to the end of lsdG and an additional band that must extend beyond the lsdD gene (Fig. 4B) . DNA digestion with SalI or SphI revealed in each case a single hybridizing band that was three different sizes in the strains (Fig. 4C and D) . The polymorphisms are located in the type II secretion operon considering that all the isolates contain the SalI and SphI sites of the upstream lsdA gene (17) . The 6.3-kbp SalI band of strain SRT4 is conserved in five of the seven sugarcane isolates, as well as in strains PRC 1 and UAP-Ac7 recovered from Cameron grass and a pineapple plant, respectively. Two strains from different hosts produced a band at approximately 7.6 kbp because of the loss of the SalI site in the lsdF gene. A shorter band (ϳ5.5 kbp) appeared in the four coffee plant isolates and the sugarcane endophyte PAl 3 due to the presence of a new SalI site, probably at the beginning of the lsdF gene. The majority of the strains shared the 5.8-kbp SphI fragment of SRT4. Strains PAl 3 and UAP-Ac7 showed a hybridizing band at approximately 6.2 kbp, revealing the loss of the SphI site in the lsdH gene, whereas hybridization in strains CFN-Cf50 and UAP-Cf51 corresponded to a band at about 2 kbp, indicative of the occurrence of an SphI site in lsdO.
In summary, 11 polymorphisms were detected for the 70 restriction sites examined in type II secretion genes of the 14 strains. Six of these polymorphisms occurred in the four strains recovered from coffee plants.
Functional analysis of the type II secretion genes in strain SRT4. To assess the implications of the type II secretion operon in LsdA secretion, the lsdG, lsdO, and lsdF genes were independently disrupted in the chromosome of wild-type strain SRT4. The ColE1 derivative plasmids pALS88, pALS130, and pALS127 carrying the nptII cassette inserted at the EcoRI site of lsdG, the HindIII site of lsdO, and the EcoRV site of lsdF, respectively, were introduced by electroporation into strain SRT4. Kanamycin-resistant, nonmucous colonies occurred in all three cases as a consequence of double-recombination events, resulting in replacement of the chromosomal target genes by the disrupted cassettes of the plasmids, as confirmed by Southern hybridization (data not shown). The lsdG::nptII, lsdO::nptII, and lsdF::nptII mutants, designated AD6, AD8, and AD9, respectively, did not show extracellular levansucrase activity, but the intracellular activity increased about fourfold due to accumulation of LsdA in the cell periplasm (Table 4 ). This finding indicates that the type II secretion operon is responsible for LsdA transfer across the outer membrane. The mutants failed to grow in liquid LGIE medium containing sucrose as the sole carbon source, corroborating the hypothesis that LsdA secretion is required for sucrose utilization by G. diazotrophicus.
Cloning and sequencing of a 1.1-kbp NcoI fragment isolated from the EMS-treated, nonsecreting mutant M31 revealed the occurrence of a single mutation consisting of a G-to-A transi- Fig. 1 and Table 4 ) confirmed that the G-to-A substitution mutation in M31 had no polar effect on expression of the type II genes downstream of lsdG.
The pseudopilin LsdG has two C-terminal Cys residues at positions 146 and 162, which may form a disulfide bond in the nonreducing environment of the periplasm. By PCR-mediated mutation the TGC codon (Cys 162 ) was replaced by GGC (Gly) in plasmid pALS118. This plasmid failed to restore LsdA secretion in the M31 mutant ( Fig. 1 Identical and similar residues are indicated by white letters on a black background and by black letters on a gray background, respectively. Groups of residues considered similar in the alignment are described in Table 3 , footnote a. The numbers in the alignment indicate the positions of the residues in the precursor proteins.
DISCUSSION
G. diazotrophicus secretes levansucrase (LsdA) by a two-step mechanism involving the removal of a 30-residue N-terminal signal peptide during transport to the periplasm and transfer of the folded mature protein across the outer membrane via a type II secretion system. Proteins which are substrates of type II secretion systems have been found to use the Sec or TAT machinery for crossing the cytoplasmic membrane (38, 52) . The LsdA signal peptide has the essential features of a Secdependent signal peptide. By contrast, other gram-negative bacteria, including the close relative Gluconacetobacter xylinus, secrete levansucrases by a signal-peptide-independent pathway (14, 18, 23, 41, 42, 45) . Some of these enzymes have been localized and are fully active in the periplasm of the native host or a recombinant E. coli strain (14, 18, 19, 23) , and the occurrence of a type II secretion pathway responsible for their transfer across the outer membrane cannot be ruled out.
The G. diazotrophicus type II secretion operon must be transcribed constitutively, considering that the substrate LsdA is a constitutive enzyme (16, 17) . The occurrence of overlaps or short distances between different type II lsd genes indicates that there is translational coupling, as occurs in the homologues in other bacteria. The G. diazotrophicus type II secretion locus has the unusual order lsdXGOEFHIJLMND, suggesting that there is favored translation of the unidentified protein LsdX and the putative major pseudopilin LsdG. Most of the genes initiate at ATG; the only exception is the minor pseudopilin gene lsdH, whose starting TTG codon may lower the translation rate. Other bacteria also have minor pseudopilin genes starting at GTG or TTG. The presence of a ribosome-binding site between the components lsdO and lsdE also reflects fine-tuning of translation of the system components.
The G. diazotrophicus pseudopilin LsdG differs from its counterparts in other type II systems in two main aspects. The LsdG signal peptide is the longest signal peptide among all of the GspG homologues and has similarities with the signal peptide of a hypothetical pilin-like protein from Synechocystis sp. (SPTREMBL, entry P73235). LsdG has two C-terminal Cys residues that likely form a disulfide bond in the nonreducing environment of the periplasm. An intramolecular disulfide bridge occurs in the C-terminal part of many type IV pilins and is essential for the correct alpha-beta roll fold and functionality of the fiber-forming pilin in Neisseria gonorrhoeae (28) and for functionality of the pseudopilin PulK in Klebsiella oxytoca (33) . G. diazotrophicus failed to secrete LsdA after replacement of Cys 162 by Gly in LsdG. This result suggests that LsdG shares structural and functional properties with type IV pilins and reinforces the idea that pseudopilins and type IV pilins function in similar ways. In this sense, two previous findings are relevant: PilA, the major IV pilin of P. aeruginosa, was shown to interact with pseudopilin XcpT (GspG) and is required for optimal function of the secreton (25); and the major pseudopilin GspG from different bacteria assembled into pili when it was overexpressed in E. coli (51) .
The type II secretion locus was identified downstream of the levansucrase-levanase (lsdAB) locus on the chromosomes of all 14 tested G. diazotrophicus strains isolated from four different host plants in geographically distant regions. This finding suggests that the two loci were simultaneously inherited or acquired early in the process of speciation. In any case, the coding sequences have adjusted to the codon usage of the species. No polymorphisms and few polymorphisms were detected in the lsdAB (17) and type II secretion loci, respectively, of strains recovered from sugarcane, Cameroon grass, or pineapple plants. Both loci were much less conserved in the strains recovered from coffee plants. These findings support the hypothesis that there is limited genetic diversity among G. diazotrophicus populations that inhabit vegetatively propagated hosts (9, 10) .
LsdA should have a fivefold ␤-propeller topology, like that FIG. 4 . RFLP analysis of the type II secretion locus in 14 G. diazotrophicus strains. Total DNA was digested with EcoRI (A), BglII (B), SalI (C), and SphI (D) and probed with a 32 P-labeled 1.1-kbp NcoI fragment carrying the lsdX and lsdG genes and partial lsdO gene from strain SRT4 (Fig. 2) a Bacteria from a 1-ml culture, (optical density at 620 nm, 8 Ϯ 0.2) were spun down at 6,500 ϫ g for 15 min. Supernatants were assayed for extracellular LsdA activity. Cells were washed in Tris-EDTA buffer; resuspended in 0.5 ml of distilled water, and disrupted in the presence of 0.2% (wt/vol) sodium dodecyl sulfate and 4% (vol/vol) chloroform with incubation for 15 min at room temperature. Chloroform and cell debris were removed by centrifugation at 6,500 ϫ g for 5 min, and cell extracts were assayed for intracellular LsdA activity. The values are means Ϯ standard deviations (n ϭ 6). (27) . Type II secreted proteins are rich in ␤-sheet content, and this structural feature may serve as a recognition signal for targeting of the periplasmic protein to the secretion apparatus (38) . The N-terminal sequence of the G. diazotrophicus levanase (LsdB) has the essential characteristics of a Sec-dependent signal peptide (26) . Similar to LsdA, LsdB was predicted to have a ␤-propeller fold (30) and might also be secreted via the type II secretory machinery. This issue could not be investigated since the particular conditions required for lsdB expression in G. diazotrophicus remain unknown. Type II secretion systems have been identified mostly in relation to pathogenesis processes in plants and animals (39) . By contrast, G. diazotrophicus is a nonpathogenic, nitrogenfixing species. Considering that disruption of the type II secretion genes in strain SRT4 abolished sucrose utilization, we concluded that the LsdA-secreting system plays a key role in the beneficial interaction between G. diazotrophicus and sugarcane or other host plants.
